The corrosion behaviors of four ferric stainless steels and two austenitic stainless steels were examined in a simulated physiological environment (0.9% NaCl solution) to obtain basic data for evaluating the appropriate composition of stainless steels for dental magnetic attachments. The corrosion resistance was evaluated by electrochemical techniques and the analysis of released metal ions by atomic absorption spectrophotometry.
The surface of the stainless steels was analyzed by X-ray photoelectron spectroscopy (XPS). The breakdown potential of ferric stainless steels increased and the total amount of released metal ions decreased linearly with increases in the sum of the Cr and Mo contents.
The corrosion rate of the ferric stainless steels increased 2 to 6 times when they were galvanically coupled with noble metal alloys but decreased when coupled with commercially pure Ti. For austenitic stainless steels, the breakdown potential of high N-bearing stainless steel was approximately 500mV higher than that of SUS316L, which is currently used as a component in dental magnetic attachments.
The enriched nitrogen at the alloy/passive film interface may be effective in improving the localized corrosion resistance.
INTRODUCTION
Dental magnetic attachments are increasingly used in overdentures and removable partial dentures due to the development of a small Nd-Fe-B magnet with high intrinsic coercivity1). Since the corrosion resistance of rare earth magnets is quite low2), the magnet is encapsulated in a cup yoke made of ferric and austenitic stainless steels. Typical denture retention systems currently employed consist of an encapsulated magnet embedded in the denture and a ferric stainless steel keeper embedded in the noble metal alloy root cap by cast bonding3). High corrosion resistance and excellent magnetic properties are required for the stainless steels used in both the cup yoke and keeper. At present, the stainless steels used for magnetic attachments are selected from among steels manufactured for engineering purposes.
Takada and Okuno examined the corrosion behaviors of stainless steels currently employed in dental magnetic attachment systems and suggested that SUS444 and SUS447J1 can be used clinically like SUS316L, which has long been used in orthopedic and dental implants for fracture fixation and joint replacement4). To develop a new stainless steel specific to dental magnetic attachments, however, the relationship between alloy composition and corrosion resistance as well as magnetic properties must be examined in detail. The influence of alloy composition on the corrosion resistance of stainless steels, however, has not been systematically investigated in simulated physiological environments.
The present study examined the corrosion behaviors of six ferric stainless steels with different compositions in a simulated physiological environment to obtain basic data for evaluation of the appropriate composition of stainless steels for dental magnetic attachments.
The galvanic corrosion of the ferric stainless steels encountered when the keeper is embedded in a root cup made of a noble metal alloy or screwed into implant abutments made of commercially pure Ti was assessed electrochemically. In addition to ferric stainless steels, the corrosion behavior of a high-N bearing austenitic stainless steel with extremely low Ni content was examined and compared with that of SUS316L to develop a dental attachment system which can be used for patients with Ni hypersensitivity.
The influence of nitrogen on the corrosion resistance was also investigated.
MATERIALS AND METHODS

Materials
Two austenitic and six ferric stainless steels were employed in this study. The chemical compositions of the stainless steels are shown in Table 1 ; SUS316L is an austenitic stainless steel which has long been used in orthopedic implants for fracture fixation and joint replacement. This stainless steel has also been used in dentistry for orthodontic appliances, as a miniplate for jaw fixation, and in magnetic attachments.
Eu-90 is a high-N bearing austenitic stainless steel with an Ni content as low as 0.12%. This steel was experimentally manufactured by VSG Energie und Schmiedetechnik GmbH (Germany) as a round robin test specimen used to elucidate the role of nitrogen in improving the mechanical properties and corrosion resistance of austenitic stainless steels. The ferric stainless steels were six commercially available stainless steels with different Cr and Mo contents.
The carbon and nitrogen contents were below 0.02% in all the steels to decrease the susceptibility to intergranular corrosion Table 1 Chemical compositions of austenitic and ferric stainless steels (mass%) 
RESULTS
Potentiodynamic polarization behavior Fig. 2 shows typical potential/current density curves for the six ferric stainless steels in deaerated 0.9% NaCl solution. The passive potential region of the ferric stainless steels increased with increases in Cr content. The breakdown potential of U-2, which contains 2.06% of Mo, was +100mV higher than that of U-4. Since the Cr contents of U-2 and U-4 were very similar, it may be concluded that the addition of Mo was effective in increasing localized corrosion resistance in the 0.9% NaCl solution.
The U-20 and SUS447J contained more than 30% Cr and Mo, and their breakdown potentials were above +1000mV (vs. Ag/AgCl reference electrode). In the transpassive region, both the dissolution reaction of the Cr-rich oxide film and the oxygen evolution reaction could proceed simultaneously over the entire exposed surface.
No localized corrosion was observed on U-20 and SUS447J after the polarization measurements. Fig. 3 shows typical potential/current density curves for the two austenitic stainless steels. The breakdown potential for SUS 316L was +310mV, and corrosion progressed with highly localized pitting above the breakdown potential.
The breakdown potential for Eu-90 was +860mV, which is approximately 500mV higher than that for SUS316L. Above this potential, transpassive dissolution of the Cr-rich oxide film proceeded uniformly over the entire exposed surface. These results demonstrate that the localized corrosion resistance of Eu-90 was significantly higher than that of SUS316L in 0.9% NaCl solution. Since the Cr and Mo contents of Eu-90 are similar to those in SUS316L, this remarkably high breakdown potential for Eu-90 was attributed to the small amounts of nitrogen contained. Table 3 shows the amount of Fe, Cr, Mo, Mn, and Ni ions released into the 0.9% NaCl solution during 7 days of immersion. The values in the table represent averages and Cr 2p spectra demonstrate that the passive film on Eu-90 was mainly composed of Cr-rich oxide film while FeOOH was present in the outer part of the passive film. At 1.8min of Ar+ etching, the Cr 2p peak at 576.8eV corresponding to Cr2O3 disappeared, indicating that the passive film on the alloy was completely removed. and if so the corrosion rate of the ferric stainless steels would increase. A long-term study would be necessary to appropriately evaluate the galvanic corrosion encountered when keepers made of a ferric stainless steel are screwed into the implant abutments made of CPTi.
Amount of released metal ions
Role of nitrogen in improving the localized corrosion resistance of austenitic stainless steels Previous studies have demonstrated surface enrichment of nitrogen on the Ncontaining austenitic stainless steels by XPS and Auger electron spectroscopy.
Different results, however, have been reported so far12). For example, nitrogen was enriched on the surface of oxide in 0.1M NaCl solution15) while it segregated to the metal-oxide interface during passivation in 0.1M HCl+0.4M NaCl solution9) and in 0.5M H2SO416). The reason for these different results may be that the exact location and chemical state of the enriched nitrogen at the surface change with alloy composition and environment. The XPS spectra obtained from the Eu-90 specimen after immersion in 0.9% NaCl solution were further analyzed to specify the location and chemical state of nitrogen at the surface and to discuss its effects in improving the localized corrosion. Fig. 12 shows the variations in the intensities of the N 1s peak at 397.7eV and the Mo 3p3/2 peak at 394.0eV with Ar+ etching time. As described in the results section, the peak intensity for N 1s at the unetched surface was slightly overestimated because of the overlapping Mo 3p3/2 peak corresponding to MoO42-. From the Cr 2p spectra shown in Fig. 8 (b) , it may be assumed that the passive film was almost removed after 1.8min of Ar+ etching. This assumption is supported by the fact that the peak intensity of the Mo 3p3/2 peak at 394.0eV, corresponding to metallic Mo dissolved in the alloy, reached a constant value at 1.8min.
The intensity of the N 1s peak at 397.7eV increased and reached a maximum at 0.9min and then decreased, indicating 
